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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
In this study, the effects of crack configuration and welding residual stress on the Weibull stress for high strength 
steel plate with embedded crack were investigated by conducting FEM analysis. Firstly, high strength wide steel 
plates (length: 200 mm, width: 200 mm, thickness: 25 mm) having an embedded crack which has height 6 or 9 mm, 
length 40 mm, depth 2 ~ 9.5 mm were created using iso-parametric elements with eight nodes. The welding residual 
stress  of K-groove welded joint made by 780 MPa class steel was introduced around the embedded crack, and then 
these models were tensioned along the vertical direction to the crack surface. Finally, CTOD, overall strain, the 
Weibull stress and crack opening stress (local stress near the crack tip which is parallel to crack surface) were 
obtained in all cases. CTOD was calculated by tangential method. 
The Weibull stress of embedded crack without welding residual stress which has the same crack height and length 
as previously mentioned was found to have increased with decreasing crack depth at the same CTOD level, this 
means plastic constraint of shallow embedded crack was higher than one of deep emb dded crack. The Weibull 
stress of shallow crack model with crack dept  2 m at the same over all strain was bigger than the other cases 
caus d by high crack driving force and l stic constraint. Based on the Weibull stress crit rion, it can be found that 
the brittle fracture limit of embedded crack decrease with decreasing crack depth in all strain region. 
The Weibull stress of embedded crack with welding residual stress at the same CTOD level was higher than that 
with welding residual stress. This tendency was same as the relationship between the Weibull stress and over all 
strain before overall strain reaches yield strain. After yield strain, the Weibull stresses were almost same between 
embedded crack with and without welding residual stress. It can be found that the welding residual stress decrease 
the brittle fracture limit of embedded crack before overall strain reaches yield strain based on the Weibull stress 
criterion. 
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Abstract 
In this study, the effects of crack configuration and welding residual stress on the Weibull stress for high strength 
steel plate with embedded crack were nvestigated by conducting FEM analysis. Firstly, high trength wide steel
plates (length: 200 mm, width: 200 mm, thickness: 25 mm) hav  an embedded crack which has h ight 6 or 9 mm,
length 40 mm, depth 2 ~ 9.5 mm were created u ing iso-parametric elements with eight nodes. The welding esidual
stress of K-groove welded joint mad by 780 MPa class steel was introduced around the embedd d crack, and then
these models wer tensioned along the vertical direction to the crack s rface. Fi ally, CTOD, ove ll strain, the
Weibull stress and crack opening stress (local stress near the crack tip which is parallel to crack surface) wer
obtained in all c ses. CTOD was calculated by tang ntial met od. 
The We bull stres  of embedded crack without welding residual stress which has the same crack height and length 
as previously mentioned was found to have increased with ecreasing cra k dep  at the same CTOD level, this
means pla tic co straint of hallow embedded crack was ighe  tha  one of ep embedded crack. The Weibull
stress of shallow crack model with crack epth 2 mm t t e same over all strain was igg r than the other cases
cau ed by igh rack driving force and plastic constraint. Based on the Weibull stre s cri erion, it can be found that
the britt e fra ure limit of embedded crack decrease w th decr asing crack depth in all st ain region. 
The W ibull str ss of embedde  crack with welding residual stress at the same CTOD level was higher than that 
with welding residual stress. This tendency was same a  the relationship betw en the W ibull stress and over all
strain before overall strain reac es yield strain. After yield strain, the Wei ull stresses w re almost ame between
embedd d crack with and without welding residual stress. It can be found that the w lding residual stress d crease
the brittle fracture limit of embedded crack before ov rall str in reaches yield strain based on the W ibull stre s
criterion. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under esponsibility of the Scientific Committee of ECF21. 
Keywords: Weibull stress, Brittle fracture, Plastic constraint, Welding residual stress, Embedded crack, Finite element analysis 
2 Author name / Structural Integrity Procedia  00 (2016) 000–000 
1. Introduction 
It is known that an excessively conservative safety assessment for brittle fracture assessment of steel components 
is obtained by standards such as BS7910 (2013) and WES2805 (2011) due to difference of plastic constraint. To 
overcome this problem, the Weibull stress has recently been used as a fracture-driving force against brittle fracture 
assessment. It was demonstrated that the Weibull stress is material property independent of size and geometry. A 
constraint-loss correction procedure that uses the Weibull-stress criterion was specified as ISO 27306 (2009). This 
standard provides the equivalent critical crack tip opening displacement (CTOD) ratio, , for the brittle fracture 
assessment of a structural component with a flaw based on the Weibull stress criterion. However, ISO 27306 is 
applicable to assessment of flaws in the base metal.  
The Weibull stress criterion has been applied to assessments of a welded joint. For example, Minami (1996, 
1997) applied the Weibull stress criterion to brittle fracture assessment of an X80 steel weld with a surface notch. 
Yamashita (2010) presented the effect of welding residual stress on brittle fracture of a welded joint with a through 
notch based on the Weibull stress criterion. In addition, the authors (2015) presented brittle fracture limit of wide 
plate welded joints with surface crack and embedded crack in heat-affected zone can be predicted by 3-point bend 
tests based on Weibull stress criterion. However, this method requires the complex finite element analyses, so the 
establishment of simple assessment method to correct the plastic constraint for welded joint with welding residual 
stress is expected. 
In this study, the effect of crack depth and welding residual stress on the brittle fracture limit of embedded flaw 
based on Weibull stress criterion in order to establish the simple assessment method to predict the brittle fracture 
limit of welded joint with welding residual stress. 
 
2. Weibull stress criterion 
The Weibull stress shown to be independent of size and geometry by Beremin (1983) and Mudry (1987) was used 
for the assessment of the fracture driving force in this study. The Weibull stress, w, is defined by the following 
equation (1): 
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where V0 is a reference volume defined for the Weibull stress, eff is an effective stress normally represented by 
the maximum principal stress, m is a shape parameter, and Vf is the volume of the fracture process zone. In this 
research, the shape parameter m = 20 was used, as specified in ISO 27306. The maximum principal stress of each 
element was used as eff. The fracture process zone Vf was defined from the plastic region around crack. A unit 
volume was taken for V0 because the selection of the reference volume does not affect the value of m. 
 
3. The effect of crack depth on brittle fracture limit of embedded crack 
Brittle fracture limit of the shallow embedded crack (crack location is near the surface in the thickness direction) 
is smaller than that of the deep embedded crack (crack location is near the center of the thickness) in conventional 
flaw assessment standards such as BS7910 and WES2805. However, plastic constraint of shallow embedded crack 
would be lower than that of deep embedded crack because high stress region around the crack tip near the surface is 
relieved. Therefore, the effect of crack depth on brittle fracture limit of embedded flaw was investigated based on the 
Weibull stress criterion using finite element analysis. 
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stress  of K-groove welded joint made by 780 MPa class steel was introduced around the embedded crack, and then 
these models were tensioned along the vertical direction to the crack surface. Finally, CTOD, overall strain, the 
Weibull stress and crack opening stress (local stress near the crack tip which is parallel to crack surface) were 
obtained in all cases. CTOD was calculated by tangential method. 
The Weibull stress of embedded crack without welding residual stress which has the same crack height and length 
as previously mentioned was found to have increased with decreasing crack depth at the same CTOD level, this 
means plastic constraint of shallow embedded crack was higher than one of deep embedded crack. The Weibull 
stress of shallow crack model with crack depth 2 mm at the same over all strain was bigger than the other cases 
caused by high crack driving force and plastic constraint. Based on the Weibull stress criterion, it can be found that 
the brittle fracture limit of embedded crack decrease with decreasing crack depth in all strain region. 
The Weibull stress of embedded crack with welding residual stress at the same CTOD level was higher than that 
with welding residual stress. This tendency was same as the relationship between the Weibull stress and over all 
strain before overall strain reaches yield strain. After yield strain, the Weibull stresses were almost same between 
embedded crack with and without welding residual stress. It can be found that the welding residual stress decrease 
the brittle fracture limit of embedded crack before overall strain reaches yield strain based on the Weibull stress 
criterion. 
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1. Introduction 
It is known that an excessively conservative safety assessment for brittle fracture assessment of steel components 
is obtained by standards such as BS7910 (2013) and WES2805 (2011) due to difference of plastic constraint. To 
overcome this problem, the Weibull stress has recently been used as a fracture-driving force against brittle fracture 
assessment. It was demonstrated that the Weibull stress is material property independent of size and geometry. A 
constraint-loss correction procedure that uses the Weibull-stress criterion was specified as ISO 27306 (2009). This 
standard provides the equivalent critical crack tip opening displacement (CTOD) ratio, , for the brittle fracture 
assessment of a structural component with a flaw based on the Weibull stress criterion. However, ISO 27306 is 
applicable to assessment of flaws in the base metal.  
The Weibull stress criterion has been applied to assessments of a welded joint. For example, Minami (1996, 
1997) applied the Weibull stress criterion to brittle fracture assessment of an X80 steel weld with a surface notch. 
Yamashita (2010) presented the effect of welding residual stress on brittle fracture of a welded joint with a through 
notch based on the Weibull stress criterion. In addition, the authors (2015) presented brittle fracture limit of wide 
plate welded joints with surface crack and embedded crack in heat-affected zone can be predicted by 3-point bend 
tests based on Weibull stress criterion. However, this method requires the complex finite element analyses, so the 
establishment of simple assessment method to correct the plastic constraint for welded joint with welding residual 
stress is expected. 
In this study, the effect of crack depth and welding residual stress on the brittle fracture limit of embedded flaw 
based on Weibull stress criterion in order to establish the simple assessment method to predict the brittle fracture 
limit of welded joint with welding residual stress. 
 
2. Weibull stress criterion 
The Weibull stress shown to be independent of size and geometry by Beremin (1983) and Mudry (1987) was used 
for the assessment of the fracture driving force in this study. The Weibull stress, w, is defined by the following 
equation (1): 
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where V0 is a reference volume defined for the Weibull stress, eff is an effective stress normally represented by 
the maximum principal stress, m is a shape parameter, and Vf is the volume of the fracture process zone. In this 
research, the shape parameter m = 20 was used, as specified in ISO 27306. The maximum principal stress of each 
element was used as eff. The fracture process zone Vf was defined from the plastic region around crack. A unit 
volume was taken for V0 because the selection of the reference volume does not affect the value of m. 
 
3. The effect of crack depth on brittle fracture limit of embedded crack 
Brittle fracture limit of the shallow embedded crack (crack location is near the surface in the thickness direction) 
is smaller than that of the deep embedded crack (crack location is near the center of the thickness) in conventional 
flaw assessment standards such as BS7910 and WES2805. However, plastic constraint of shallow embedded crack 
would be lower than that of deep embedded crack because high stress region around the crack tip near the surface is 
relieved. Therefore, the effect of crack depth on brittle fracture limit of embedded flaw was investigated based on the 
Weibull stress criterion using finite element analysis. 
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3.1. Condition of finite element analysis 
Center embedded crack panel model for finite element analysis were created as shown in Figure 1. Quarter model 
of center embedded crack panel with 25 mm thickness, 200 mm width and 200 mm length was modeled because of 
symmetry. Crack length, 2c, was set to 40 mm, Crack depths, h, were set to 2, 6, 9.5 mm in the case of crack height 
2a = 6 mm, and 2, 6, 8 mm in the case of 2a = 9 mm. The minimum element size at the crack tip was 0.05 × 0.05 × 
0.2 mm for each model. Iso-parametric elements with eight nodes, C3D8, were employed. The material properties of 
780 MPa class steel shown in Table 1 was applied to all region of this analytical model. The relationship between 
true stress and true plastic strain was calculated using Swift type raw shown in the following equation (2): 
 nPyeq A  1          (2) 
where eq is the equivalent stress, y is the yield stress,  p is the equivalent plastic strain, n is the strain hardening 
coefficient, and A is the material constant. 
ABAQUS standard ver. 6.13.3 was used for FE-analysis. Analytical model was tensioned along vertical direction 
to crack surface (X direction in the Figure 1), then, CTOD (), Weibull stress (w), and overall strain (∞) were 
calculated. CTOD was calculated by tangential method. 
 
 Figure 1 Center embedded crack panel model 
 
Table 1. Mechanical properties of 780MPa-class steel used in FEA. 
Elastic limit 
(MPa) 
0.2% Yield 
Stress (MPa) 
Tensile 
Strength (MPa) 
Elongation 
(%) 
Yield Ratio 
(%) 
Strain 
hardening 
coefficient, n 
Material 
Constant 

677 700 853 11.4 82 0.1176 0.0087 
 
3.2. Analytical results 
Figure 2 (a) shows the effect of crack depth on the relationship between overall strain and CTOD for crack height 
6 mm. “TOP” and “BOT” indicate shallowest and deepest crack tip point of embedded crack in the legend of Figure, 
respectively. In the case of shallow crack model with h = 2 mm, CTOD at TOP was bigger than that at BOT in all 
strain level. On the other hand, there was no big difference between CTOD at TOP and BOT in the case of deep 
4 Author name / Structural Integrity Procedia  00 (2016) 000–000 
crack model with h = 6, 8 mm. In addition, CTOD at both TOP and BOT increased with decreasing crack depth at 
the same overall strain level. This tendency was same as the case of crack height 9 mm as shown in Figure 2 (b). 
Figure 3 (a) shows the effect of crack depth on relationship between Weibull stress and CTOD for crack height 6 
mm. Weibull stress of shallow crack model with h = 2 mm was bigger than the other cases in all CTOD level. In the 
cases of deep crack model with h = 6 and 8 mm, these were almost same in all CTOD level. Crack opening stress, 
x, near the crack tip at CTOD = 0.05 mm was shown in Figure 4 (a) for crack height 6 mm. In the case of shallow 
crack model with h = 2 mm, crack opening stress at TOP was smaller than the other cases, this means plastic 
constraint of TOP of shallow crack model was locally lower than the other cases. However, crack opening stress at 
BOT was bigger than the other cases. Therefore, the plastic constraint of embedded crack increased with decreasing 
crack depth, h. This tendency was same as the case of crack height 9 mm as shown in Figure 3 (b) and 4 (b). 
Figure 5(a) (b) shows the effect of crack depth on relationship between Weibull stress and overall strain. It can be 
confirmed that Weibull stress of shallow crack model with h = 2 mm was bigger than the other cases over ∞ = 0.2 % 
caused by high crack driving force and plastic constraint referred in Figure 2 and 3. Based on the Weibull stress 
criterion, brittle fracture limit of embedded crack decrease with decreasing crack depth in all strain region. 
 
 
Figure 2 Effect of crack depth on relationship between overall strain and CTOD 
 
  
Figure 3 Effect of crack depth on relationship between Weibull stress and CTOD 
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where eq is the equivalent stress, y is the yield stress,  p is the equivalent plastic strain, n is the strain hardening 
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6 mm. “TOP” and “BOT” indicate shallowest and deepest crack tip point of embedded crack in the legend of Figure, 
respectively. In the case of shallow crack model with h = 2 mm, CTOD at TOP was bigger than that at BOT in all 
strain level. On the other hand, there was no big difference between CTOD at TOP and BOT in the case of deep 
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crack model with h = 6, 8 mm. In addition, CTOD at both TOP and BOT increased with decreasing crack depth at 
the same overall strain level. This tendency was same as the case of crack height 9 mm as shown in Figure 2 (b). 
Figure 3 (a) shows the effect of crack depth on relationship between Weibull stress and CTOD for crack height 6 
mm. Weibull stress of shallow crack model with h = 2 mm was bigger than the other cases in all CTOD level. In the 
cases of deep crack model with h = 6 and 8 mm, these were almost same in all CTOD level. Crack opening stress, 
x, near the crack tip at CTOD = 0.05 mm was shown in Figure 4 (a) for crack height 6 mm. In the case of shallow 
crack model with h = 2 mm, crack opening stress at TOP was smaller than the other cases, this means plastic 
constraint of TOP of shallow crack model was locally lower than the other cases. However, crack opening stress at 
BOT was bigger than the other cases. Therefore, the plastic constraint of embedded crack increased with decreasing 
crack depth, h. This tendency was same as the case of crack height 9 mm as shown in Figure 3 (b) and 4 (b). 
Figure 5(a) (b) shows the effect of crack depth on relationship between Weibull stress and overall strain. It can be 
confirmed that Weibull stress of shallow crack model with h = 2 mm was bigger than the other cases over ∞ = 0.2 % 
caused by high crack driving force and plastic constraint referred in Figure 2 and 3. Based on the Weibull stress 
criterion, brittle fracture limit of embedded crack decrease with decreasing crack depth in all strain region. 
 
 
Figure 2 Effect of crack depth on relationship between overall strain and CTOD 
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Figure 4 Crack opening stress distribution near crack tip at CTOD = 0.05 mm 
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good agreement with actual measured welding residual stress distribution as shown in Figure 6. Then, analytical 
model was tensioned along vertical direction to crack surface. Output parameter was same as chapter 3. 
4.2. Analytical result 
Figure 7 (a) shows the effect of welding residual stress on relationship between CTOD and overall strain for crack 
height 6 mm. In the case of shallow crack model with h = 2 mm, welding residual stress does not affect CTOD 
because crack tip at TOP and BOT were located in low residual stress region. On the other hands, in the case of deep 
crack model with h = 8 and 9.5 mm, welding residual stress increased CTOD at TOP and decreased CTOD at BOT 
because crack tip at TOP was located in positive residual stress region and crack tip at BOT was in negative region. 
This tendency was same as the case of crack height 9 mm as shown in Figure 7 (b). 
Figure 8 (a) (b) shows the effect of welding residual stress on relationship between Weibull stress and CTOD. 
Weibull stresses of shallow and deep crack model with residual stress was higher than the other cases without 
residual stress before overall strain reaches yield strain (y = approx. 0.34 %). This means welding residual stress 
would increase the plastic constraint of embedded flaw regardless of crack depth and crack height. 
Figure 9 (a) (b) shows the effect of welding residual stress on relationship between Weibull stress and overall 
strain. Weibull stresses of shallow and deep crack model with residual stress was higher than the other cases without 
residual stress before overall strain reaches yield strain. After yielding, Weibull stresses were almost same between 
with and without residual stress. This result was in agreement with the previous research results for high-strength 
welded joint steels with residual stress by authors (2015). Based on above results, it was clarified that the welding 
residual stress decrease the brittle fracture limit of embedded crack before overall strain reaches yield strain. 
   
Figure 6 Introduced welding residual stress in FEM model 
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good agreement with actual measured welding residual stress distribution as shown in Figure 6. Then, analytical 
model was tensioned along vertical direction to crack surface. Output parameter was same as chapter 3. 
4.2. Analytical result 
Figure 7 (a) shows the effect of welding residual stress on relationship between CTOD and overall strain for crack 
height 6 mm. In the case of shallow crack model with h = 2 mm, welding residual stress does not affect CTOD 
because crack tip at TOP and BOT were located in low residual stress region. On the other hands, in the case of deep 
crack model with h = 8 and 9.5 mm, welding residual stress increased CTOD at TOP and decreased CTOD at BOT 
because crack tip at TOP was located in positive residual stress region and crack tip at BOT was in negative region. 
This tendency was same as the case of crack height 9 mm as shown in Figure 7 (b). 
Figure 8 (a) (b) shows the effect of welding residual stress on relationship between Weibull stress and CTOD. 
Weibull stresses of shallow and deep crack model with residual stress was higher than the other cases without 
residual stress before overall strain reaches yield strain (y = approx. 0.34 %). This means welding residual stress 
would increase the plastic constraint of embedded flaw regardless of crack depth and crack height. 
Figure 9 (a) (b) shows the effect of welding residual stress on relationship between Weibull stress and overall 
strain. Weibull stresses of shallow and deep crack model with residual stress was higher than the other cases without 
residual stress before overall strain reaches yield strain. After yielding, Weibull stresses were almost same between 
with and without residual stress. This result was in agreement with the previous research results for high-strength 
welded joint steels with residual stress by authors (2015). Based on above results, it was clarified that the welding 
residual stress decrease the brittle fracture limit of embedded crack before overall strain reaches yield strain. 
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Figure 8 Effect of welding residual stress on relationship between Weibull stress and CTOD 
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